The Central Asian Orogenic System (CAOS) is one of the largest Phanerozoic accretionary orogens in the world and may represent a signifi cant site of continental growth. Its origin has been explained by two competing models: syn-subduction strikeslip duplication of a single (>1000 km) long-lived arc (ca. 630-360 Ma) or collision of multiple arcs and micro-continents. Central to the debate are the relative roles of syn-subduction strike-slip faulting versus thrusting. In both models, the Ertix fault fi gures prominently, either as a roof fault of a large strike-slip duplex system developed during oceanic subduction or as a suture of arc-continent or continent-continent collision. In order to differentiate between the above models, we conducted fi eld mapping, detailed kinematic analysis, and geochronological dating of the Ertix fault zone in the Chinese Altai. Our work indicates that the fault is a crustal-scale thrust that was active in the Permian. Its hanging wall records two pulses of magmatism ca. 450 Ma and ca. 280 Ma and experienced peak pressure and temperature of 6.2-7.7 kbar and 560-670 °C. Our geologic observations, together with the existing geologic information, favor a tectonic model that involves two episodes of subduction below the Altai arc: fi rst, in the Ordovician, along a south-dipping subduction zone; and second, in the late Carboniferous and early Permian along northdipping subduction of the Junggar ocean. It was during the latter event that a mélange complex was underplated below the older Ordovician arc, metamorphosed at lower crustal depths, and then exhumed to the upper crust along the south-directed Ertix thrust zone.
INTRODUCTION
The 8000-km by 6000-km Central Asian Orogenic System (CAOS), also referred to as the Central Asian Fold Belt, Ural-Mongol Fold Belt, or the Altaids, is located between the European, Siberian, North China, and Tarim cratons and is responsible for a greater volume of new crust in the Phanerozoic than the Mesozoic North American Cordillera (Fig. 1; Zonenshain et al., 1990; Şengör et al., 1993; Jahn, 2004) ( Fig. 1 is also available in color as Fig. DR1 ; see footnote 1). Due to the lack of modern geologic studies, the mechanism by which the mountain belt was constructed remains poorly understood (Badarch et al., 2002; Windley et al., 2002) . The origin of the CAOS has been explained by two competing models: syn-subduction strike-slip duplication of a single (>1000 km), long-lived (630-360 Ma) arc (e.g., Şengör and Natal'in, 1996) , or collision of multiple island arcs, oceanic complexes, and continental blocks (e.g., Zonenshain et al., 1990; Dobretsov et al., 1995; Badarch et al., 2002) . Central to the debate on the growth mechanism of the CAOS is the relative role of syn-subduction strike-slip faulting and thrust-related deformation. In both models, the Ertix fault (alternatively transliterated as the Irtysh, Erqis, or Erqishi fault; Şengör and Natal'in, 1996; Windley et al., 2002; LaurentCharvet et al., 2002 ) is a key structure. It is interpreted as either a strike-slip fault accommodating >1000 km of right-slip motion (Şengör and Natal'in, 1996) or a suture between the Altai arc to the north and the Junggar microcontinental block to the south (Coleman, 1989; Zonenshain et al., 1990; Dobretsov et al., 1995; Badarch et al., 2002) . This fault is traceable for >1000 km from Kazakhstan to NW China and may have extended farther to the southwest part of Mongolia for an additional 1500 km, making its total length >2500 km (Şengör et al., 1993; Şengör and Natal'in, 1996; Cunningham et al., 1996; Badarch et al., 2002) (Fig. 1) . Because of its central position in the overall architecture of the CAOS, determining the kinematic history of the Ertix fault is vital to understanding the evolution of this vast accretionary orogen.
We studied the Ertix fault where it is exposed in NW China, near the southern edge of the Chinese Altai Mountains. The Altai Mountain range is ~2500 km long, stretching across Russia, Kazakhstan, western China, and western Mongolia, and occupying the south-central part of the CAOS ( .) The Cenozoic Junggar basin bounds the Altai Range to the south, whereas the Valleys-of-Lakes in western Mongolia is its northern boundary (Badarch et al., 2002) . The results of our combined kinematic, metamorphic, geochronologic, and thermochronologic studies presented below reveal that in NW China, the Ertix fault is a thrust that exhumed upper amphibolite facies gneisses and Early Paleozoic granitoids from middle crustal depths to shallow crustal levels in the Permian ca. 290-260 Ma, during a prominent regional contractional event.
GEOLOGIC BACKGROUND
The Alpine orogenic belt of Eurasia is the site of continental growth in the Mesozoic and Cenozoic, whereas the development of the CAOS is primarily responsible for the growth of the Eurasian continent in the Paleozoic (e.g., Şengör et al., 1993; Şengör and Natal'in, 1996; Yin and Harrison, 2000) . The CAOS is composed of continental blocks, accretionary complexes, and arcs that were accreted onto the Siberian craton to the north. The southern boundary of these accreted terranes is the Tian Shan-Ying Shan suture system along the north edge of the Tarim-North China craton ( Fig. 1 ; Zonenshain et al., 1990; Allen et al., 1993; Yin and Nie, 1996; Şengör and Natal'in, 1996) . Based on an interpretation that the amalgamation of the CAOS was completed by the Carboniferous to Early Permian (Coleman, 1989; Zonenshain et al., 1990; Allen et al., 1992 Allen et al., 1993 , Lyons et al., 2002 , numerous Late Permian plutons in the region are interpreted as "postcollisional" or "anorogenic" granites (Coleman, 1989; Wickham et al., 1996; Jahn, 2002, 2004; Liu and Fei, 2006) . With the exception of latest Paleozoic to Mesozoic strike-slip faults in Mongolia and Russia (e.g., Lamb et al., 1999; Buslov et al., 2004) , the Mesozoic is generally considered a period of relative tectonic quiescence that was followed by renewed uplift and deformation over the Altai region due to the Indo-Asian collision in the Cenozoic (e.g., Bullen et al., 2001; Delvaux et al., 1998; Cunningham et al., 1996 Cunningham et al., , 1996 . However, some have argued (e.g., Hendrix et al., 1996; Webb and Johnson, 2005) that the southernmost part of the CAOS in Mongolia experienced signifi cant Mesozoic shortening and extension.
Previous Work
The Ertix fault is covered by Quaternary sediments of the Western Siberian Basin, thus how the fault terminates in the north is not clear (Fig. 1) . In Kazakhstan, the Ertix shear zone consists of a >10 km-thick shear zone that strikes N45°W and dips 50-80°NE. (Mileyev et al., 1980; Rotarash et al., 1982) . High-grade rocks in the shear zone are mylonitic granitoids, blastomylonite, and amphibolite (Mileyev et al., 1980; Chikov et al., 1988; Travin et al., 2001; Buslov et al., 2004) . The shear zone also consists of mélange and ophiolitic rocks (Mileyev et al., 1980; Rotarash et al., 1982; Buslov et al., 2004) . Northeast of the shear zone and the associated high-grade rocks are Devonian to Carboniferous shale, siltstone, and calcareous sandstone, whereas southeast of the shear zone a middle Devonian to lower Carboniferous island arc complex is exposed (Rotarash et al., 1982; Zonenshain et al., 1990; Vladimirov et al., 1997; Mitrokhin et al., 1997) . The DevonianCarboniferous rocks mentioned above all have experienced greenschist facies metamorphism and were subsequently intruded by the Permian Kalba-Narym and Kalbinsky batholiths (Mileyev et al., 1980; Zonenshain et al., 1990; Travin et al., 2001) .
In China, the Ertix fault is locally covered by Quaternary sediments along the northeastern edge of the Junggar basin (Fig. 1) . The fault is well exposed near the town of Fuyun in the southwestern Chinese Altai, where it separates the high-grade Ertix gneiss complex (also sometimes referred to as the Kalaerqis gneiss complex) to the north from Devonian to Carboniferous volcanic and clastic deposits to the south ( Fig. 2 ; Xinjiang BGMR, 1978 , 1993 . The Ertix gneiss complex, composed of schist and gneiss, is variably interpreted as Precambrian basement (He et al., 1990; Qu and Chong, 1991; Zhang et al., 2005) , a Paleozoic accretionary wedge (O'Hara et al., 1997) , or a 10-km-thick mylonitic shear zone . The fault is consistently mapped as a north-dipping structure with an average strike of N40°W, though the strike of the fault changes locally to N70°W in our fi eld area. In the eastern portion of the study area, the Ertix fault is truncated and offset ~10-20 km by the well-known, active, N-striking right-slip Fuyun fault, which was responsible for the 1931 M W 8 Fuyun earthquake ( Fig. 2 ; Xinjiang BGMR, 1978; Tapponnier and Molnar, 1979) .
Farther to the east, the trace of the Ertix fault in Mongolia is uncertain due to the lack of detailed geologic studies across the China-Mongolia border. Cunningham et al. (1996) correlated the Ertix fault from China with the Bulgan oblique thrust fault, which places high-grade gneisses and schists against granite, greenschist, and quartzite in western Mongolia. In the existing regional syntheses of Mongolian geology, the Ertix fault is correlated with a suture zone marked by an east-trending ophiolite belt in south-central Mongolia (e.g., Badarch et al., 2002) . This belt is interpreted by Xiao et al. (2004) as the locus of a backarc basin that was closed by collision between a Devonian arc along the MongolianChina border to the south and the Siberian craton and its fringing arcs to the north.
The kinematics of the Ertix fault are variably interpreted in the competing tectonic hypotheses about the evolution of the CAOS. In the syn-subduction strike-slip duplex model, the Ertix fault is a major strike-slip roof fault in a large duplex system that had accommodated ~1000 km right-slip motion from the Ordovician to Early Permian (ca. 500-300 Ma) (Şengör and Natal'in, 1996) . Building upon this work, Allen et al. (1995) interpret the Ertix fault to have reversed its shear sense from right-slip motion during mid-to late Paleozoic oceanic subduction to left-slip motion in the Late Permian and Triassic during intra-continental deformation. This change in the sense of slip on the Ertix fault and its synchronicity with northwest-striking leftslip faulting in the Tian Shan some 500-800 km to the south was proposed to cause the opening of the Junggar basin as a large intracontinental pull-apart basin between the two left-slip faults (Allen et al., 1995) . In contrast to the emphasis on a strike-slip history for the Ertix fault, several workers interpret the Ertix fault to be a major late Paleozoic thrust (He et al., 1990; Qu and Zhang, 1994) or even a suture (Coleman, 1989; Zonenshain et al., 1990; Dobretsov et al., 1995; Badarch et al., 2002) . These models suggest signifi cant Permian shortening and exhumation during motion on the Ertix fault after ocean closure.
Geologic studies along the Ertix fault zone so far appear to support both strike-slip and thrust faulting models. In Kazakhstan, Vladimirov et al. (1997) report only left-slip deformation, while Mitrokhin et al. (1997) report confl icting left-slip and right-slip shear indicators from the Ertix fault zone. In contrast, Mileyev et al. (1980) found steeply NE-plunging down-dip mineral stretching lineation in the shear zone as evidence for thrusting. Similar confl icting fault kinematics are also reported on the Ertix fault in the Chinese Altai. For example, Qu and Zhang (1994) document mainly thrust kinematics on the Ertix fault, while more complicated strike-slip and thrust kinematics are reported by Laurent-Charvet et al. (2003) . These studies have neglected to correlate local fault strike with striation directions. For example, a thrust salient with lateral ramps at its two ends would generate strike-slip kinematics: one is right-slip and the other left-slip. As shown in our study, this may be the case for the Ertix fault.
Because of its central importance in tectonic models for the region, geochronological studies of the Ertix fault deformation have been attempted. In Kazakhstan, 40 Ar/
39
Ar mica, amphibole and K-feldspar cooling ages of 263-283 Ma are used to date the timing of left-slip fault motion (Vladimirov et al., 1997; Travin et al., 2001 Ar thermochronometry, though no structural mechanisms for how strike-slip motion could produce such cooling, such as shear heating or exhumation by oblique slip, have been proposed (e.g., Vladimirov et al., 1997; Travin et al., 2001 ).
Geology of the Fuyun Area
The northwest-trending Chinese Altai parallels the strike of major faults along its southern margin, including the Ertix fault. This structural confi guration is well expressed in the Fuyun area where we conducted our fi eld research. In the study area, six major northeast-dipping faults are exposed (Fig. 2) . From south to north, they are the Sarbulak thrust, Ertix fault, Dahantir fault, Kuerti thrust, Barils thrust, and Terbiejie thrust system. In the southernmost part of the study area, the Sarbulak footwall is composed of Carboniferous volcaniclastic strata. Its hanging wall consists of Carboniferous and Devonian volcaniclastic strata that are duplicated by a thrust duplex system (Fig. 2) . To the north, the Ertix fault juxtaposes the low-grade Carboniferous to Devonian volcaniclastics in the footwall and the high-grade Ertix gneiss complex in the hanging wall (gn-e, Fig. 2 ). The Ertix gneiss complex is a heterogeneous package of foliated amphibolite-grade metapelite, para-and orthogneisses, metabasite, and metachert; their protolith ages are estimated from Proterozoic (Qu and Zhang, 1994) to Carboniferous (Xinjiang BGMR, 1978) . Deformed granitic intrusions demonstrate the same foliation seen in the gneiss complex, though limited exposures of undeformed granitoids (small plutons and dikes) that cross-cut regional foliation also exist. The northern boundary of the Ertix gneiss complex is the Dahantir fault, which was interpreted by Qu and Zhang (1994) as a thrust. North of the Dahantir fault, meta-volcanic and meta-sedimentary rocks have been broadly folded (~10 km wavelength) into an east-plunging anticline-syncline pair that is truncated to the north and east by the range-bounding Kuerti fault (Fig. 2) . The hanging wall of the Kuerti fault is an exposed orthogneiss unit (gn-1 in Fig. 2 ), which is the footwall to the Barils thrust farther north. North of the Barils thrust are metapelite schists, marble, and quartzite (Xinjiang BGMR, 1978; Qu and Zhang, 1994) . The northern boundary of the metamorphic sequence is the Terbiejie thrust system, which exposes a metasedimentary sequence assigned to be Cambrian-Ordovician in age by Xinjiang BGMR (1978) to the north. The map area is intruded extensively by variably deformed granitoids. They are typically assigned "Caledonian" (early Paleozoic) and "Hercynian" (late Paleozoic) ages (Chen and Jahn, 2002) . These granitoids and all the Paleozoic units are cut by the active Fuyun fault.
METHODS
In order to elucidate the tectonic history of the Ertix fault, we conducted geologic mapping in the Fuyun area in the southwestern Chinese Altai (Fig. 2) . Our mapping was built upon an existing Chinese geologic map at a scale of 1:200,000 (Xinjiang BGMR, 1978) . The map provides useful information on distribution of major lithologic units and biostratigraphic controls on the ages of sedimentary units. However, it lacks critical information on fault kinematics, metamorphic conditions, and radiometric ages of metamorphic and igneous rocks. To overcome these problems, our fi eld investigation focused on fault geometry and kinematics, fi eld relationships between structures and distribution of metamorphic grades across the Ertix fault zone, and collection of key geochronological samples that elucidate the ages of metamorphism and igneous activity.
In order to determine metamorphic conditions of high-grade rocks in our study area, we conducted thermobarometric studies in the Ertix hanging wall. The UCLA JEOL JXA-8200 electron microprobe was used to make X-ray composition maps of garnets to assess zoning patterns, as well as to measure mineral compositions. An accelerating voltage of 15 kV and a current of ~100 nA were used for X-ray maps collected with 2 μm pixels with a dwell time of 60 msec per pixel. For individual mineral analyses, a current of 10 nA was used with a beam focused to <1 μm diameter for all phases but plagioclase and micas, which required a diameter of 4-7 μm. We measured coexisting phases (e.g., garnet, amphibole and plagioclase) in 4-8 regions within each sample, and then used the programs A-X and THERMOCALC (Holland and Powell, 1998) to calculate pressure-temperature (P-T) intersections of all equilibria. For each sample, we then calculated the weighted mean of the P and T determinations for the different regions with uncertainty given at the 2σ confi dence level.
The age of metamorphism and its relationship to deformation were investigated using in situ Th-Pb dating of monazite. This method allows direct examination of the textural relationships between monazite grains and metamorphic or tectonic fabrics (Harrison et al., 1995) . Monazite, often very small (<15 μm in diameter), appears bright when using the scanning electron microscope (SEM) in backscatter mode. Once identifi ed, we used the ion microprobe to date grains in situ following procedures in Catlos et al. (2002) . The UCLA CAMECA IMS-1270 secondary ion microprobe was used with a beam current of 10-15 nA focused to a size of 15-30 μm in diameter. Monazite standard 554 (45 ± 1 Ma; Harrison et al., 1995) was used and checked against a second standard, 83-32 (2685 ± 2 Ma; Corfu, 1988) with U and Th compositions more similar to the unknowns.
For U-Pb geochronology, zircons were separated, mounted in epoxy, and polished along with grains from zircon standard AS3, then analyzed with the UCLA CAMECA IMS-1270 secondary ion microprobe following procedures reported by Quidelleur et al. (1997) . A 15 nA O − primary beam current was focused to a spot of 30-40 μm diameter. To improve secondary ionization of Pb + , the sample surface was fl ooded with O −2 at a pressure of ~3 × 10 −5 torr (1 torr = 133.322 Pa). Weighted mean ages of the zircon standard AS3 yielded a dispersion of <1% from the age given by thermal ionization mass spectrometry (Paces and Miller, 1993) . Grains were inspected with a cathode luminescence (CL) detector on a scanning electron microscope to aid in age interpretation. Ar analysis, concentrates of amphibole, biotite, muscovite, and K-feldspar were separated and hand-picked. Mineral separates of unknown age and sanidine from the 27.8 Ma Fish Canyon Tuff (Cebula et al., 1986; Renne et al., 1994) were irradiated for 15-45 h at the University of Michigan and McMaster University. Roughly 4-15 mg of material was step-heated in a double vacuum furnace, and isotopic compositions of the released gas were measured using a VG 1200 automated massspectrometer at UCLA. Data were reduced using the in-house data-reduction program AGECAL.EXE, and uncertainties were calculated to the 95% confi dence level. However, the fi nal results do not include uncertainties in the J-factors or decay constants.
NEW STRUCTURAL GEOLOGY
South and west of Fuyun, the Ertix fault is best exposed as a 2-15-cm-thick gouge zone ( Fig. 3A ; also available in color as Fig. DR2 , see footnote 1). At some locations the fault is also associated with mylonitic shear zones directly above the brittle fault zone. Based on outcrop patterns, the fault trace can be located within a few meters in areas of poor exposure by the abrupt change in lithology and metamorphic grade.
In map view, the Ertix fault strikes ~N40°W with a local N70°W jog in the central portion of the mapped area (Fig. 2) . South of the Ertix fault, imbricate thrusts repeat Devonian strata and carry them over Carboniferous rocks (Fig. 2) . Spaced cleavage is well developed in the units south of the Ertix fault and dips steeply to the NE or SW. North of the Ertix fault, foliation within the Ertix gneiss complex dips 40-80° to the northeast, with the exception of the southwesternmost portion of the complex in the map area, where foliation dips steeply to the southwest (55-85°; Fig. 2 ). Fold axes are aligned parallel to the regional trace of the fault and plunge shallowly to the east and southeast (Fig. 3C) . The hangingwall is intruded by undeformed granitoids and a series of NNE-striking granitic dikes that are 1-3 km long and <10 m thick. These vertical dikes are generally orthogonal to the local strike of the Ertix fault, and their tectonic origin is unclear. In the center of the Ertix hanging wall, ~3-5 km north of the fault, a large (>1 km wide across strike) exposure of K-feldspar + quartz + hornblende + plagioclase + biotite orthogneiss is found along the Ertix river.
Generally, brittle deformation features such as striations and gouge zones are exposed within <50 m of the fault, but evidence of ductile folding associated with fault motion is observed up to 1.5 km north of the fault. Within 100 m of the fault trace there are moderate to steep northeast-dipping fault gouge zones with welldeveloped fault-zone cleavage oblique to the bounding fault surface. Their relationship indicates top-south thrust transport (at two locations, A5 and C2; Figs. 2, 3A) . At location A5, we observe a lone down-dip striation plunging 65° to N20°W on a fault oriented N35°W 72°NE. Between these two locations, outcrops of phyllite (location B14) exhibit a gently plunging mineral stretching lineation trending parallel to local strike of the fault. Foliation is defi ned by alignment of micaceous minerals, whereas the lineation present at location B14 is defi ned by elongation and rodding of quartz grains. S-C fabrics defi ned by the micaceous minerals in oriented thin sections (cut perpendicular to foliation and parallel to lineation) indicate left-slip motion on the N70°W-striking segment of the Ertix fault (Fig. 3B) . The Ertix fault segments, which exhibit thrust-sense indicators, strike N35°W, whereas the segment exhibiting left-slip indicators is oriented N72°W. This observation suggests a common transport direction, but the fault's kinematics depend on its local orientation. Since the portions of the fault that strike NW have the same orientation as the regional fault strike, they are taken as more representative of the overall sense of shear and style of deformation for the Ertix fault and indicate that it is a SW-directed thrust. That is, the lineation at location A5 indicates a ~S40°W transport direction for the Ertix fault, and strike-slip indicators on the central N75°W striking segment are the result of an oblique-ramp caused by a bend in fault strike.
ANALYTICAL RESULTS
Here we present results of our analytical studies aimed at understanding the metamorphic, intrusive, and cooling history of rocks in the Ertix hanging wall. Results are organized by technique, and by sample numbers, which increase with distance from the fault. Sample numbers followed by a letter represent different samples collected at the same outcrop or fi eld location. Unless otherwise stated, errors are 2σ.
Thermobarometry
Representative mineral compositions are listed in Table 1 , and all calculated P-T conditions are listed in Table 2 ; the average P-T conditions for each sample is shown as an error ellipse in Figure 4 . The complete set of mineral analyses can be accessed as GSA Data Repository Table DR1 (see footnote 1).
The hanging wall adjacent to the fault is dominated by garnet-amphibolite schist. A garnet-hornblende-plagioclase (An 42 ) schist from 150 m north of the fault (fi eld location 3a, Fig. 2 ) contains garnet that is unzoned, except for a minor increase in Mn found at the outermost 10 µm rim of 1-3 mol%. We avoided the high-Mn rim while collecting analyses of coexisting minerals, making use of inclusions in garnet when possible. Using the garnet-hornblende-plagioclase-quartz thermobarometry of Dale et al. (2000) , we obtain a temperature of 560 ± 50 °C and a pressure of 6.2 ± 0.9 kbar (Fig. 4) . A second sample (3b) of the garnet amphibolite was also collected at the same location. Plagioclase (An 31 ) and hornblende are unzoned, while garnets display prograde growth zoning, with no obvious chemical evidence for resorption (e.g., no Mn-rich rim). Seven sets of analyses for this schist have compositions that correspond to a metamorphic temperature of 650 ± 40 °C and a pressure of 6.4 ± 1.0 kbar (Fig. 4) .
Three hundred and fi fty meters north of the Ertix fault, a pelitic schist at location 4 (Fig. 2) has garnet, biotite, muscovite, and plagioclase (An 37 ). Garnets display Mn-rich rims (≤10 µm wide) indicative of retrogression, but are otherwise homogeneous. Using analyses from the core of garnets, quantitative thermobarometry on the schist yielded similar temperature conditions and a slightly higher metamorphic pressure than those found at location 3 (620 ± 30 °C, 7.1 ± 0.9 kbar; Fig. 4) .
Sample 5c bears the assemblage of garnetbiotite-plagioclase-K-feldspar-quartz-rutileilmenite, and inclusion trail patterns in many garnets suggest synkinematic growth. Garnets are zoned, with Mn, Ca, and Fe/Fe+Mg concentrations highest in garnet cores and decreasing toward the rim (Fig. 5A , also available in color as Fig. DR3 , see footnote 1). The outermost <25 μm of the garnet displays increased Mn and Fe/Fe+Mg. This compositional variation is consistent with zoning expected if the garnet initially grew during prograde metamorphic conditions but was later modifi ed by retrogression. Plagioclase inclusions in garnets are most Ca-rich (X an ≤ 90) near the garnet core and most sodic when trapped near the rim (X an ~30). Investigations into the possibility of retrograde net transfer reactions have found that this sample may have experienced ~1% dissolution following methods in Kohn and Spear (2000) . Correcting biotite and garnet compositions typically yielded P-T conditions slightly (<20 °C) lower than conditions calculated from raw compositions. The intersections of garnetbiotite and garnet-rutile-ilmenite-plagioclasesilica equilibria (GRIPS) yield P-T conditions of 670 ± 120 °C and 7.7 ± 1.5 kbar for this sample (Tables 1 and 2, Fig. 4) . Note: Mineral abbreviations after Kretz, 1983 . All Fe as FeO. Uncertainties (in parentheses) are 1σ. Cor-correlation coefficient from THERMOCALC; P-pressure; T-temperature. (Holland and Powell, 1998) . Mineral formulas and activities were calculated with the program A-X by Tim Holland and Roger Powell. Uncertainties are ±1σ for each individual analysis, but weighted averages are listed at the 95% confidence level. "Cor" is correlation coefficient from THERMOCALC; mineral abbreviations after Kretz (1983) . All together, the four samples show some variation in recorded P-T conditions but broadly overlap within error and yield mean conditions for the Ertix hanging-wall of 620 ± 50 °C and 6.7 ± 1 kbar. This average is shown with a solid dot in Figure 4 .
In Situ Monazite Analyses
The schist with synkinematic garnets (sample 5C) also contained monazite, which we dated using in situ ion-microprobe Th-Pb techniques. Dates of four included and six matrix monazites range from 293 to 254 Ma and have a weighted mean of 278 ± 9 (mean square of weighted deviates [MSWD] = 7.8) (Fig. 5B, Table 3 ). Monazite grains from both the matrix of the rock and included in garnet during growth have age populations that yield similar weighted mean ages (278 ± 13 Ma and 279 ± 21 Ma, respectively). In the absence of compositional data for the monazites and given the potential age variability suggested by the MSWD, we do not attempt to be more specifi c than assigning a Permian age for monazite growth.
U-Pb Zircon Geochronology
We present weighted mean ages for zircon analyses that cluster on concordia diagrams assuming negligible Pb-loss and sampling of only a single age domain by the ion beam. Concordia diagrams are shown in Figure 6 , while complete isotopic data are available in the GSA Data Repository as Table DR2 (see footnote 1), and grain images are shown in Figure DR4 (see footnote 1).
A series of NNE-striking felsic dikes intrude the Ertix hanging wall. The southern termination of the dikes and the trace of the fault occur within 2-5 m of one another; some of the dikes are clearly truncated by the Ertix fault, suggesting the terminal motion on the fault postdates the dikes (Fig. 2) . In addition, the dikes are unmetamorphosed and unfoliated, and so probably intruded after the end of ductile deformation. One such dike, sample 1 in Figure 2 , yielded euhedral zircon. Six concordant analyses (Fig. 6A) give a weighted mean age of 286 ± 12 Ma, with a MSWD of 1.9.
Two foliated plutons within the hanging wall of the Ertix fault were analyzed to determine the timing of ductile deformation. The fi rst sample (sample 6) is foliated granite located south of the Ertix river (Fig. 2) and contains brown, equant zircon. Six analyses cluster at ca. 450 Ma on the concordia diagram (Fig. 6A) , whereas the other two are younger (ca. 350 Ma). The two younger age analyses are from the same zircon grain, which is dark and featureless in cathode luminescence (CL) imaging, while the older zircon grains exhibit concentric zoning (GSA Data Repository Figure DR4 ). Moreover, a plot of Th/U versus age reveals that the young grain has distinctly different Th/U ratios compared with the other analyses from this sample (Fig. 7) . The weighted mean of the six older analyses is 448 ± 30 Ma (MSWD = 1.6), which we interpret as the emplacement age for this granite.
The Ertix hanging-wall is also intruded by granitoids that lack gneissic foliation. An unfoliated granite (sample 7, Fig. 2 ) was collected south of the Ertix river. Zircon in the sample is typically euhedral with concentric CL zoning, which echoes the shape of the grains. All concordant analyses cluster at ca. 280 Ma except one, which has an age of 454 Ma (Fig. 6C) . Textural evidence is inconclusive about the origin of this analysis: in CL images, the grain is concentrically zoned and no presence of a core was detected. In addition, the geochemistry of the bulk rock and the Th/U of the individual zircon analyses are all consistent with a magmatic origin for the zircons (0.2 ± 0.1; Mahood and Hildreth, 1983) . However, based on the geochemistry of this sample (Table 4) , the zircon saturation temperature for this rock is 793 °C, which is consistent with the possibility of inherited zircon as shown by Harrison and Watson (1983) . In addition, given the ages of the gneiss and foliated pluton samples in the region, ca. 450 Ma is not an unlikely age for an inherited zircon. Aside from the older, probably inherited zircon, twelve analyses have a weighted mean of 278 ± 7 Ma (MSWD = 1.1), which we interpret as the crystallization age for this pluton.
Sample 9a (Fig. 2) is from a large orthogneiss body found in the central region of the Ertix gneiss complex with a NW striking and NE dipping foliation parallel to fabrics in the rest of the gneiss complex. Zircon grains are clear, subhedral to euhedral, and yield a spread in ages from 412 to 478 Ma. However, analyses are concordant, with the exception of three, which lie just above concordia and are likely the result of a slight 204 Pb over-correction (Fig. 6D) . The weighted mean of all 12 analyses is 451 ± 14 Ma (MSWD = 0.85), which is the oldest age bound for the deformation of the Ertix gneiss complex.
North of the Ertix river, we examined another foliated pluton, sample 10 (Fig. 2) , a garnetbearing trondhjemite. Zircons from this pluton have low U concentrations, and as a consequence, have large 2σ error ellipses (Fig. 6E) . Unfortunately, we cannot interpret an age from these analyses, though the data are permissive of an age similar to that of the other gneiss and foliated pluton samples analyzed.
North of the Ertix river, we sampled a tonalitic gneiss (sample 11, Fig. 2 ). This sample has a complicated zircon population (Fig. 6F) . Whereas most of the eight analyses cluster between 433 and 478 Ma, three of the analyses are distinctly younger, yielding ages of ca. 385 Ma, ca. 350 Ma and ca. 270 Ma. We have identifi ed CL-bright, zoned cores and CLdark rims that correspond to the Ordovician and younger age populations, respectively (GSA Data Repository Figure DR4 ). The younger analyses, which have slightly lower Th/U ratios (Fig. 7) , are potentially related to multiple zircon growth episodes or a single young zircon growth episode that the ion beam sampled in different proportions with older, core portions of the zircon grain during our analysis. Excluding these three CL-dark rim analyses, the weighted mean of the 206 Pb/ 238 U ages is 451 ± 23 Ma (MSWD = 0.63) and represents the best interpretation of these data assuming negligible Pb-loss and In summary, our U-Pb dating suggests that the deformed plutons are Ordovician to Devonian and the non-foliated granitoids are Permian in age. A dike cut by the Ertix fault intruded at 286 ± 12 Ma in the early Permian.
40
Ar/
39

Ar Thermochronology
Sample 2, located <10 m north of the Ertix fault (Fig. 2) , is a garnet-amphibolite schist that represents the deepest rocks we examined in the Ertix hanging wall. Amphibole yields a disturbed age spectrum for the fi rst 40% of gas released, but 56% of the gas released, corresponding to the heating steps between 1060 °C and 1350 °C, has a weighted mean age of 271 ± 6.6 Ma (Fig. 8) . We interpret this as the time at which argon began to be retained within the amphibole (~500 °C; McDougall and Harrison, 1999) . A granitic gneiss sample (sample 5a) and a metapelitic schist sample (sample 5c) were collected ~500 m north of the Ertix fault from the Ertix gneiss (location 5 in Fig. 2) . 40 Ar/
39
Ar analysis of muscovite and biotite from this location yield fl at age spectra, with slight disturbances for the fi rst 3%-8% of argon released (Fig. 8) . Muscovite from sample 5a has a weighted mean age of 275 ± 8 Ma, while sample 5c yields biotite with a weighted mean age of 259 ± 10 Ma.
Sample 8 is a garnet amphibolite located ~3 km north of the Ertix thrust (Fig. 2) . It yields a complex biotite age spectrum with a significant (100 Ma) age gradient over the fi rst several steps (Fig. 8) . The total gas age for this sample is 254 ± 8 Ma. Sample 9b is an orthogneiss collected ~4 km north of the fault (Fig. 2) . The age spectrum of a K-feldspar from this unit exhibits a fl at plateau at ca. 265 Ma, with a slight hump in the spectrum for the fi rst ~20% of gas released (Fig. 8) . Biotite from sample 11, a tonalitic gneiss collected 6 km north of the Ertix fault (Fig. 2) , displays a concave-down age spectrum similar to sample 8, with a signifi cant age gradient for the fi rst several temperature steps (Fig. 8) . It records a total gas age of 270 ± 8 Ma. Biotite from sample 12b, a mafi c gneiss 7 km north of the Ertix thrust, yields a monotonically increasing age spectrum. The central plateau, representing ~84% of the gas released, has a weighted mean age of 262 ± 11 Ma and an inverse isochron age of 267 Ma. From the same location, a granitic gneiss, sample 12f (Fig. 2) , yields K-feldspar with a fl at age spectrum and a weighted mean age of 269 ± 8 Ma. Multi-domain diffusion (MDD) modeling of Kfeldspar from sample 12b suggests rapid cooling from 400 °C to 150 °C between 271 and 265 Ma ( Fig. 8 ; Lovera et al., 1997) .
DISCUSSION
Magmatism
U-Pb zircon results from six igneous and meta-igneous bodies in the hanging wall of the Ertix fault indicate two periods of magmatism. The fi rst is latest and is recorded in rocks identifi ed in the fi eld as gneisses and foliated plutons (i.e., samples 6, 9b, 10, and 11). Some of these samples do yield younger age analyses, which are potentially related to later metamorphic zircon growth (e.g., sample 11). An unfoliated granite and a granitic dike were intruded into the Ertix hanging-wall metamorphic rocks in the Permian (ca. 278-286 Ma). Bulk rock geochemistry of four of the samples is consistent with arc magmatism when plotted on geochemical discrimination diagrams ( Fig. 9; e.g., Pearce et al., 1984) . For the Permian granite (sample 7), our geochemical results suggest an arc origin that is incompatible with the early interpretation of anorogenic granites for late Paleozoic magmatism (e.g., Coleman, 1989) . More germane to the aim of this study, however, is that these two periods of magmatism have bracketed the time of ductile deformation to post-Ordovician and pre-Permian and that the age of the granitic dike cut by the Ertix fault suggests that termination of slip on the Ertix had to occur after ca. 286 Ma.
Deformation History
Kinematic indicators such as down-dip striations, cleavage in fault gouge zones, fold hinges, and S-C fabrics from the Ertix fault in the Chinese Altai are consistent with SW-directed thrusting. Additionally, our results indicate that variations in fault strike may reconcile some of the confl icting shear sense indicators previously reported along the Ertix fault zone (e.g., Mileyev et al., 1980; Qu and Zhang, 1994; Mitrokhin et al., 1997) . The sharp break in metamorphic grade across the Ertix fault also supports signifi cant vertical juxtaposition of the crustal section and is consistent with thrust kinematics. Assuming a crustal density equal to that of average continental crust (2800 kg/m 3 ), the resulting lithostatic pressure gradient (~2.7 kbar/km) would suggest burial depths of 25 km based on the calculated peak pressure of ~6.7 kbar. However, the unmetamorphosed to lowgrade rocks in the footwall were likely buried to no more than 10-15 km, so that the Ertix fault was responsible for at least 10-15 km of vertical motion.
Quantitative thermobarometry of four samples indicates peak pressures and temperatures of 6.2-7.7 kbar and 560-670 °C for the hanging wall of the Ertix thrust. Previous workers have suggested the presence of an inverted metamorphic gradient in the Ertix hanging wall (Yang et al., 1992; Qu and Zhang, 1994) . Broadly, the relative differences in P and T between the three locations in our study may indicate that structurally higher samples record higher conditions, but the small sample size and low precision of the results do not allow a full exploration of the inverted-metamorphism hypothesis.
Monazite appears in a metapelitic schist near the garnet-in isograd. Th-Pb ages of this mineral are typically interpreted as representing the time of monazite growth at or near peak metamorphic temperatures. However, multiple reactions produce the phase at different temperatures and often yield complicated zoning textures at the grain scale (Catlos et al., 2002; Pyle and Spear, 2003; Kohn et al., 2004 Kohn et al., , 2005 . In this study, the weighted mean of the monazite ages (278 ± 9 Ma) is 6 m.y. older than the muscovite age at the same outcrop, and some monazite analyses are apparently younger than muscovite and biotite ages. In addition, one garnet-included monazite yields an age younger than most matrix monazite (Fig. 5) . While the diffusivity of Pb in monazite is too low to disturb the Th-Pb systematics even at peak temperatures (Cherniak et al., 2004) , the garnets in this sample are cracked and are riddled with poly-mineralic inclusions. It is plausible, therefore, that either some monazite recrystallized during retrograde metamorphism within the garnets and/or experienced some fl uid-driven dissolution or reprecipitation at temperatures lower than those recorded by the thermobarometry (e.g., Wing et al., 2003; Ayers et al., 2006) . Given the reconnaissance nature of these ages, and the potential inaccuracies introduced by the choice of standards and associated calibrations, we interpret the Permian monazite ages as representing the youngest bound on high-grade metamorphism.
Results from 40 Ar/
39
Ar are variable, but some useful information is preserved. The amphibole release spectrum is signifi cantly disturbed, but a plateau suggests cooling through 500 °C at 271 ± 7 Ma, while a muscovite analysis has an age of 275 ± 8 Ma. Of the four biotite spectra, the most disturbed have low potassium contents, seen in low equivalent K 2 O% values calculated from step heating data. This is likely the result of impurity or alteration, and we take the more robust biotite analyses (samples 8 and 12b) to generally indicate cooling through biotite closure at 260 ± 10 Ma. Two K-feldspars display similar spectra consistent with cooling at 267 ± 8 Ma. Furthermore, multi-domain diffusion modeling of K-feldspar indicates rapid cooling (>25 °C/ m.y.) between 270 and 265 Ma. In detail, the argon ages show no systematic variation across the Ertix hanging wall. This is contrary to the simple case of thrust motion (e.g., McDougall and Harrison, 1999) , but the lack of a preserved age gradient could result from the low spatial resolution of this study or internal deformation of the Ertix thrust sheet (e.g., Robinson, 2005) . All together, these data indicate that the rocks of the Ertix hanging wall cooled from >500 °C to 150 °C from ca. 275 to 265 Ma. Since we also observe Permian magmatism in the Ertix hanging wall, the possibility exists that these mica ages result from the conductive cooling of plutons in the region rather than tectonic exhumation. However, the limited extent of exposure of undeformed granitic bodies at the surface in the hanging wall compared with the >10 km across strike extent of the cooling signal makes this unlikely. In addition, these cooling age results are consistent with other 40 Ar/
Ar results in both China (Laurent-Charvet et al., 2003) and Kazakhstan (Vladimirov et al., 1997; Travin, et al., 2001 ) along the Ertix fault zone. Finally, the age of a dike cut by the Ertix fault (sample 1) suggests slip on the structure after 286 ± 12 Ma. Therefore, we interpret this cooling as resulting from tectonic uplift of these rocks along the Ertix thrust fault coupled with erosion at the surface.
Timing and Estimated Slip Rates on the Ertix Fault
Combined argon results indicate that the Ertix hanging-wall rocks cooled from ≥500 °C to ~150 °C during the Permian, between 275 and 265 Ma (Fig. 10) . The calculated cooling rate from these results is 35 °C/m.y. If we used the weighted mean monazite age as a reliable indicator of the timing of peak metamorphic temperatures of ~620 °C, and combine this information with the argon data, the calculated cooling rate is 36.3 °C/m.y. Given that peak metamorphism could be older than the age recorded by the monazite data, this is a maximum cooling rate. Assuming a 20 °C/km geothermal gradient, this would suggest a vertical exhumation rate of 1.75 mm/yr (argon data only) or 1.82 mm/yr (monazite and argon data). Taking an erosion rate of 1 mm/yr, and using a fault dip of 55°, the Permian slip rate on the Ertix fault would be 0.9 mm/yr (monazite neglected) to 1 mm/yr (with monazite data).
Origin of the Ertix Gneiss Complex and Tectonic Reconstruction
The Ertix gneiss complex was considered to be Precambrian basement (e.g., He et al., 1990 ). However, our geochronological studies so far do not support this hypothesis. Although Pb-Pb feldspar model ages and Pb-Pb zircon analyses have been interpreted to indicate the presence of Precambrian crust (e.g., Qu and Chong, 1991; Windley et al., 2002) , whether the older zircons are from Precambrian igneous rocks or detritus transported to an Early Ordovician accretionary wedge and later intruded by latest Ordovician plutons remain unclear. However, one of the important observations made by this and earlier studies about the Ertix gneiss complex is that it consists of signifi cant components of oceanic assemblages, including metachert, metabasite, and locally ultramafi c rocks. Although lithologically one may interpret these rocks as a mélange complex (e.g., O'Hara et al., 1997), the temperature conditions are too high for those typically expected in a subduction zone setting (e.g., Peacock and Wang, 1999) . To resolve this paradox, we propose that the Ertix gneiss complex originated from an accretionary mélange but had been modifi ed by tectonic burial and possibly later arc magmatism in the Early Permian. This explains why the mélange materials were exhumed from Ar release spectra and thermal history from multi-domain diffusion-modeling for the Ertix gneiss complex, labeled with sample number and phase. In some cases, arrows indicate portion of plateau used for weighted mean plateau age. TGA-total gas age; WMA-weighted mean age; WMPA-weighted mean plateau age.
lower crustal depths and are now exposed within an arc, with Paleozoic igneous components in both the Ertix hanging wall and footwall.
TECTONIC MODEL FOR THE EVOLUTION OF THE CHINESE ALTAI
In order to explain the timing of igneous activity and deformation in the Chinese Altai, we propose the following tectonic history (Fig. 11) . First, we suggest a Cambro-Ordovician arc that developed over the Altai region above a southdipping subduction zone (Fig. 11A) . The development of this arc has also been documented in the Valley of Lakes region in western Mongolia by Badarch et al. (2002) . The Junggar ocean south and west of the Altai arc (in the present geographic coordinates) may have been expanding by mid-oceanic-ridge spreading but probably did not subduct below the Altai arc (Fig. 11A) . A Devonian arc developed within the southern margin of the Junggar oceanic plate due to northward subduction of the Tarim plate (Windley et al., 1990) (Fig. 11B ). This arc, now located in the northern Tian Shan in western China, eventually collided with, and obducted onto, the Tarim craton in the Late Carboniferous (Carroll et al., 1995) . To the north, collision of the Cambro-Ordovician Altai arc over the Altai region with either a microcontinent (the central Mongolia microcontinent of Badarch et al., 2002) or the southern margin of the Siberian continent may have terminated magmatism and created a magmatic hiatus throughout the Late Devonian and Carboniferous in the Chinese Altai region (Fig. 11B) . Northward subduction of the Junggar plate below the Altai initiated in the Late Carboniferous and lasted until the Early Permian (Figs. 11C and 11D ). During this period, a mélange complex developed along the southern margin of the Altai arc; it was later subducted and emplaced at the base of the Altai arc. Contractional deformation and thrusting along the Ertix fault during the Early Permian was responsible for carrying the high-grade mélange complex to shallow crustal levels (Fig. 11E ). Initiation and subsequent motion on the Ertix fault was coeval with intrusion of Permian granitoids, suggesting that this fault was developed within an intra-arc setting during oceanic subduction.
CONCLUSIONS
Our integrated structural, geochronological, thermochronological, and petrological studies have shed new light on the kinematics and timing of the Ertix fault, a dominant structure in the Central Asian Orogenic System. We conclude that the Ertix fault is a major crustal-scale thrust that has carried rocks from lower crustal depths to shallow crustal levels in the late Paleozoic between ca. 290 and 265 Ma. As a result, the fault currently juxtaposes amphibolite-grade rocks over unmetamorphosed to lower greenschist-facies rocks in the Chinese Altai. Two phases of igneous activities have been detected by our geochronological studies. The fi rst phase occurred ca. 450 Ma in the latest Ordovician and the second phase occurred ca. 280 Ma. The Permian intrusions are cut by the Ertix fault, indicating that motion on the fault did not terminate before 280 Ma. This is consistent with our inferred duration of faulting (275-265 Ma) based on the cooling history of rocks in the Ertix hanging wall.
In the context of regional geology, we suggest that the Chinese-Mongolia Altai has experienced two phases of subduction: one in the Ordovician-Devonian and another during the Late Carboniferous to Early Permian. A hiatus of ~100 m.y. between 380 and 280 Ma occurred between the two phases of arc magmatism. The high-grade assemblage of the Ertix hanging wall, consisting of metabasite, metachert, and deformed granites, may be best explained as a result of tectonic burial and emplacement of a mélange complex below an arc. 
